Purpose 4D-visualization of the human upper arm based on sequential or dynamic MRI may be useful in functional orthopedic disorders and surgical planning. A cascade of 4D-visualization approaches have been applied including deformation of the soft tissue surfaces and muscular contraction. Skeletal structures and the epifascial tissue comprising vascular structures are included in the 4D-visualization. Methods Sequential MRI (T2-weighted spin echo sequences) scans of a healthy volunteer's upper extremity were obtained. The skeletal, muscular, and epifascial tissues were segmented. For 4D-rendering of the elbow joint, surface models of the humerus, the ulna, and the radius, were displaced with respect to the movement. For 4D-visualization of the soft tissue, the processed MRI data were subjected to highly transparent direct volume rendering with special twotone transfer functions designed with regard to the application, e.g., muscular inner structure or fasciae. For rendering of time dependent behavior, the visualization was continuously updated. Results Continuous deformation of muscular inner structure and fasciae, and dynamics of muscle fibers could be differentiated in 4D-visualizations of the upper extremity. Using sequential MRI scans, this work was constrained by the high sagittal slice thickness and separation. Conclusion 4D-visualization of the upper extremity based on sequential MRI is feasible and provides a realistic appearance in comparison with anatomical drawings and preparations. The 4D-visualization method may be useful for detecting and monitoring muscular pathologies and lesions.
Introduction
To date, 3D-reconstruction based on CT (computer tomography) or MRI (magnetic resonance imaging) data is generally accepted as giving reliable insight into individual patient's anatomy in vivo. This is especially the case for the reconstruction of the outer shape of hard tissue organs. As regards soft tissue organs as muscles, fat, skin, or ligaments, 3D-reconstruction only provides a-maybe never recurringsnapshot of dynamically changing structures. Therefore, 4D-radiology, notably "3D+1", in combination with visualization based thereon is expected to result in a significant progress in diagnostic soft tissue imaging.
A fundamental advantage of MRI compared to CT is the missing ionizing radiation. For human skeletal muscles, static 3D-MRI has been approved as the diagnostic gold standard for non-invasively detecting changes in muscle tissue [1, 2] and as a very valuable imaging modality for biomedical modeling and research see inter alia [3] . As regards time dependency, since the early nineties, cine MRI which means radiological data acquisition at only one slice position but for a certain period of time, so "2D+1", has allowed for new insight into dynamically changing structures in vivo. It has already been applied to sophisticated biomechanical research see inter alia [4] . Nevertheless, the limitations due to the missing third dimension in space are definite.
Refined techniques for 4D-reconstruction for skeletal muscles are subject of intensive research. Within the recent European project 3DAH-"3DAnatomicalHuman" [5] , the concept of cine MRI with fixed image plane was extended to multi-slice dynamic MRI which allowed for reconstruction of muscular shape and deformation in real time see inter alia [3] . The methodology is demonstrated on the lower limb. Notably, the results were surface models representing real-time contour deformations. In [6] , a general framework aimed at biomedical engineering for macroscopic 4D-modeling of skeletal muscles is given, especially for the human gastrocnemius and the biceps brachii muscle. Currently, full real time 4D-MRI data acquisition suitable for inner structure analysis of the human limbs is still beyond the technical possibilities. But intensive research is spent for 4D-MRI and 4D-visualization for the cardiovascular and the respiratory system or for intracranial evaluation, see e.g., [7] . A detailed review of the state of the art for static and dynamic MRI for skeletal muscles is given in Section A of the online supplement.
This article is dedicated to a full processing chain from MRI acquisition to 4D-visualization of human upper arm flexion. The results can be understood as a feasibility study. The purpose is mainly computer-assisted support of clinical diagnosis. A cascade of 4D-visualization approaches up to muscular fiber course and fasciae was worked out especially for the human limbs respectively the skeletal muscles. Additionally, the elbow joint and the epifascial tissue comprising vascular structures are visualized in 4D. The applied techniques are demonstrated for sequential MRI recording upper arm flexion of a healthy volunteer. As regards the technical background, we refer to a combination of image processing, segmentation, reconstruction, and direct volume-rendering techniques. The article is organized as follows. In the next section, the anatomical and the radiological background as well as the computational methodology are described. In the next but one section, the results of the visualization procedures are presented, followed by a discussion. The respective animations can be found as Online Resources.
Methods
In the first subsection, a glance at the anatomy is given followed by a short report on the acquisition of the timedependent radiological MRI data. In "Segmentation and reconstruction of the skeletal tissue up to 4D-rendering of the elbow joint", the processing of the skeletal tissue up to 4D-rendering of the joint is described, whereas all soft tissue image processing and segmentation is given in "Image processing and segmentation of the soft tissue". Subsection "Visualization of the muscular and the epifascial tissue" is dedicated to 4D-visualization of the soft tissue. Finally, in "Computational background", information about hard-and software is provided including computational and processing efforts. All image processing, reconstruction, and visualization were performed using the visualization toolbox Amira 5.2, Visage Imaging GmbH, Berlin, Germany [8, 9] .
Description of the anatomy
This study is about the human upper arm including the elbow joint. The skeletal anatomy concerns the humerus, the ulna, and the radius where we consider the humeroulnar joint going from the ulna to the humerus as well as the humeroradial joint going from the head of the radius to the capitulum of the humerus (Fig. 1a, b) . The humeroradial joint is a simple hinge joint allowing movements of flexion and extension only whereas the humeroradial joint is an arthrodial or gliding joint.
As we considered the limb as a whole, we focused on the superficial muscles, namely the deltoid muscle coming from above, the biceps and the triceps brachii muscle, the brachial muscle, and the brachioradial muscle (Fig. 1c) . Medially, the major pectoral and the teres major muscle were included. As regards the fasciae, we look at the brachial fascia covering the upper arm as a thin, loose, membranous sheath. It differs in thickness at different parts, being thin over the biceps brachii muscle, but thicker where it covers the triceps brachii muscle, and over the epicondyles of the humerus. The brachial fascia is continuous with the deep fascia covering the deltoid and the major pectoral muscle. It is attached to the tendon of the biceps brachii muscle as well as to the lateral and medial intermuscular septum.
As regards superficial vascular structures, the cephalic vein begins in the radial part of the dorsal venous network and winds upward around the radial border of the forearm Fig. 1 Anatomical overview, a skeletal anatomy of the whole upper limb, b elbow joint with enlarged distances, c muscles of the upper arm including chest and lower neck, lateral view, d epifascial view with vascular and nerval structures, e supra-musculature view, both frontal view [11] ( Fig. 1d, e) . Finally, the brachial artery starts at the lower margin of the teres major muscle, passing besides the biceps brachii muscle down to the elbow where it divides into the radial and the ulnar arteries. Very close to the brachial artery, the median nerve can be found. For further details, we refer to [10] [11] [12] . Generally, 4D-radiological data consist in a series of static radiological data sets acquired one after the other, thereby recording time-dependent patient's behavior. For data acquisition, the limb of a healthy volunteer (male, 42 years) was positioned at evenly distributed angle intervals between the stretched and 135 • flexed condition with the upper arm comfortably supported. The result was sequential MRI data recording upper arm flexion. As the position of the elbow was not changed, no vice versa registration of the 3D-data sets of the single time steps was necessary.
For the sake of cost effectiveness and patients' convenience, the radiological data acquisition has to be kept as fast as possible. For the current study, it comprises a series of five MRI data sets (Philips Medical Systems, 1.5 T) each comprising 22 sagittal slices with 5 mm slice thickness ( Fig. 2 , Online Resource 1). The slice resolution was 0.43 mm × 0.43 mm with a 512 × 512 image matrix. A T2-weighted spin echo (SE) imaging protocol was applied with TE/TR = 60/2300 ms (TE: echo time, TR: repetition time). Notably, Baumann et al. [2] also applied fat-suppressed fast T2-weighted SE-sequences for their fascial analysis. The sagittal slicing in our study was chosen for several reasons. First, it allows the highest cross sectional area compared to axial or coronal slicing. Second, the sagittal slices are to some extent parallel to the course of the muscle fibers of the biceps and the triceps muscle.
Segmentation and reconstruction of the skeletal tissue up to 4D-rendering of the elbow joint As the present study is aimed at a confirmation of the feasibility, we refrained at this stage from implementing refined Fig. 3 Overview of the computer-aided processing scheme segmentation or registration techniques as given inter alia in [3] .
Within this framework, the skeletal tissue did not undergo any visible spatial deformation. Therefore, 3D-reconstruction of the skeletal anatomy, namely the humerus, the ulna, and the radius, had to be performed only once. Before semi-automatic segmentation, the sagittal MRI slices of the first data set were subjected to 2D-image processing as Gaussian Smoothing. By 2D-region growing, the cortical bone was segmented as far as possible. Due to the complicated anatomy especially of the humeroulnar joint and the high slice thickness, some manual correction for the cortical bone was necessary. The trabecular bone was added by a filling algorithm. The known difficulties in MRI segmentation as low cortical bone contrast had to be overcome. But, thanks to the high sagittal slice distance and the good image quality, the efforts were moderate. Finally, the segmentation was interpolated to nearly isotropic voxel size by a cubic algorithm. The skeletal anatomy was reconstructed from the interpolated segmentation using the built in Amira surface reconstruction algorithm [8, 9] . By means of careful simplification and smoothing, realistic polygonal 3D-models of the humerus, the ulna, and the radius were compiled (Figs. 4 and 5, Online Resources 2 and 3).
As the position of the upper arm of the volunteer was constant for all MRI data sets, only the ulna and the radius were displaced during the movement and no registration had to be performed for the humerus. By isosurface visualization (back face view) of the concerned MRI data based on a threshold representing the muscular gray value, the displaced positions of the ulna and the radius during the movement could be identified in 3D for all time steps. Using interactively placed Image processing and segmentation of the soft tissue For this purpose, the 3D-MRI data sets of all time steps were resampled to the same dimensions as the interpolated image stacks of the skeletal tissue segmentation by means of a Lanczos algorithm. Due to the interpolation and registration, the resulted skeletal tissue segmentation is slightly different from the representation of the bone in the resampled MRI data sets. Therefore, the segmentations were adjusted to the resampled MRI data by 3D-region growing with interactively placed local seed points.
In order to facilitate further segmentation, the resampled MRI data were subjected to three-dimensional Gaussian smoothing. By a 3D-region growing algorithm, the voxels of the limb were separated from the background. Thus, hard and soft tissue could be separated. Thanks to the SE imaging protocol, the epifascial tissue is indicated by high contrast in the MR images (Fig. 2) . Therefore, this tissue could be separated by threshold segmentation restricted to the soft tissue. By the segmentation of the epifascial and the skeletal tissue from the limb, the muscular tissue including tendons, septa, and cartilage was obtained as the residual voxels where, in the following, we shortly refer to as "muscular tissue". Finally, the epifascial tissue was again separated into two regions. The segmentation of the muscular tissue was subjected to a dilatation of 2-3 pixels, namely 1.0-1.5 mm, in the sagittal planes until approximately half of epifascial tissue was covered, but without touching the exterior. The skeletal tissue was locked. So, the muscular (brachial) fasciae were covered by this "outer layer" plus the muscular tissue.
Visualization of the muscular and the epifascial tissue
In this subsection, five approaches for 4D-visualization of the soft tissue of the upper arm are provided, namely shaded surface rendering of muscular deformations (approach 1), transparent rendering of the muscular tissue up to an impression of the fibrous structure (approaches 2 and 3), a view on the muscular fasciae (approach 4), and finally, visualization of the epifascial tissue including vascular structures (approach 5). For 4D-rendering, the respective visualization had to be continuously updated. For an overview of the full processing scheme, see Fig. 3 .
For approach 1, namely for rendering the surface of the upper arm musculature as a whole, we considered 3D-reconstructions based on the segmentation of the muscular tissue. Thanks to the high contrast of the epifascial tissue in the SE sequences compared to the adjacent muscular tissue, it was also possible to capture the 3D-shape of the muscular surfaces by means of isosurfaces in back face view with appropriate thresholds. As a serious drawback, the high sagittal slice distance caused "steps" in the resulting models which were partially cured by means of the Gaussian smoothing (Fig. 6) .
For an indirect impression of the muscular surface (approach 2), all soft tissue voxels were subjected without any smoothing to direct volume rendering (slice based) using a special two-tone logarithmic monotone transfer function with high transparency (Fig. 7a, resp . Online Resource 4 and . For direct visualization of the muscles including tendons and septa (approach 3), the voxels of the muscular tissue were isolated from the resampled MRI stacks and subjected to direct volume rendering with the same transfer function. Thereby, the inner structure up to muscular fiber course could be transparently visualized. For illustrative background and better contrast, we inserted the original MRI images to the visualization (Fig. 7b , resp. Online Resource 5 and Fig. 3 of the online supplement).
For a view onto the fasciae (approach 4), we considered the voxels of the muscular tissue plus the "outer layer" see the preceding subsection. These voxels were isolated from the resampled MRI data and inverted which means that the gray values of the voxels were subtracted from the maximum gray value within the segmentation. Thereby, the contrast of the epifascial tissue namely the "outer layer" of the segmentation originally characterized by high contrast was changed to low gray value. As for approach 2 and 3, direct volume rendering with a highly transparent logarithmic two tone transfer function was applied (Fig. 1 of the online supplement and Online Resources 6 and 7).
Finally, for visualization of the epifascial tissue (approach 5), we isolated the voxels representing this kind of tissue from the non-smoothed resampled MRI stacks. As for approach 2, these voxels were subjected to highly transparent direct volume rendering with a logarithmic bicolor transfer function (Fig. 7c, resp . Online Resource 8 and Fig. 4 of the online supplement).
For the sake of anatomical orientation, it is possible to add the polygonal models of the humerus, the ulna, and the radius in either shaded or transparent rendering to the respective visualization (Fig. 1 of the online supplement and Online Resources 6 and 7). By insertion of original MRI images to the visualization, the concerned approach can be linked to conventional radiology. By switching the visualization on and off, the user can compare the findings of the visualization with standard radiological diagnosis. Appropriate clipping of the visualization according to user-defined planes enables free view to special details.
Computational background
Generally, 4D-visualization is still very demanding. Due to high hardware requirements, a CELSIUS V-Serie Computer, Fujitsu-Siemens Computers, Frankfurt, Germany, was used equipped with a nVidia Quadro FX4500 graphics board. Motivated by its storage efficiency and its extended functionality, we chose the visualization toolbox Amira 5.2 [8] , Visage Imaging GmbH, Berlin, Germany, for the realization of the computational procedure. Amira is a research platform allowing the user to flexibly combine and configure sophisticated tools, e.g., several registration algorithms or direct volume rendering. For the present study, though all 5 MRI data sets were loaded in the memory, the visualization could be interactively manipulated as turning, zooming, or clipping with acceptable performance. The creation of the animated Online Resources 1-8 took about 5-10 min each using the above mentioned hardware. Additionally, there is a "Large Data Pack" available for handling very large data. For further details, we refer to [8, 9] .
For the full 4D-approach, the computational and the processing efforts are to be multiplied by the number of time steps. Therefore, elaborate interactive manipulations of the image data still very common in 3D-visualization should be avoided as far as possible. All processing of the MRI data reported in the preceding sections has already been automated or can easily be so. Actually, only for the segmentation of the skeletal tissue, some user interaction was needed. Notably, this had to be done only once. Furthermore, there are techniques available in the open literature to cure this drawback, see inter alia [3] .
Results
The approach allowed for 4D-visualization of the kinematical interaction of the humeroulnar joint, the humeroradial joint, and the radioulneral joint (Figs. 4 and 5, Online Resources 2 and 3). For the sake of an impression of the deforming soft tissue, the transparently rendered MRI slices were added to the visualization. In Fig. 4 , medial view to the humoral head and the medial epicondyle is provided. In the profile, the minor tubercle down to the humoral condyle is visible. In the detailed view in Fig. 5 , though slightly disturbed by the superimposed transparent MRI slices, the coronoid as well as the olecranal fossa of the humerus can be recognized. For the ulna, the olecranum, the coronoid process, and the ulnar tuberositas are clearly visible. Even enhanced by the superimposed MRI slices, a kind of fossa between the attachment of the flexor carpi ulnaris muscle at the upper line of the olecranum and the flexor digitorum profundus muscle at the christa of the supinatoris muscle can be recognized. As regards the radius, its head and neck including its tuberositas were reconstructed.
By the shaded surfaces visualization (approach 1), it was possible to capture the changing outer shape of the upper arm as a whole as well as the deforming surface of the superficial muscles, namely the deltoid, the triceps, the biceps, the brachial, and the brachioradial muscles (Fig. 6) . Additionally, the course of the brachial artery together with the median nerve over the biceps muscle is visible. MRI slices were added to the visualization whereby an impression of the surrounding epifascial tissue was provided. Further, the dark high-contrast background for the shaded surfaces enforces the visualization. Once these slices were omitted and the visualization was turned frontally or dorsally, free view on changing volume of the biceps respectively the triceps muscle was possible. All visualizations visibly suffered from the high slice distance of 5 mm which could be partially cured by heavy Gaussian smoothing. On the other hand, this progress was achieved for the prize of remarkable loss of information. In a surface visualization based on the same MRI data but without smoothing, even superficial vascular structures came to the fore.
In the contrary to the shaded surface approach, the direct volume rendering (approaches 2 and 3) opened the door for visualization of the inner structure of the concerned muscles including tendons and septa. By approach 2, an indirect visualization of the muscles is provided. As, in SE sequences, the gray values of the voxels of the muscular tissue are below the ones of trabecular bone or fat tissue, the epifascial tissue appears like a bright veil over the muscles and, thereby, indirectly reveals the muscular shape especially for the deltoid muscle (Fig. 7a, resp . Online Resource 4 and Fig. 2 of the online supplement). By approach 3, namely the visualization based only on the voxels of the muscular tissue, muscular fiber course being in agreement with standard anatomical knowledge [10] [11] [12] came to the fore, namely the deltoid muscle as well as the biceps and the triceps muscle, including muscular tendons and septa (Fig. 7b , resp. Online Resource 5 and Fig. 3 of the online supplement). Medially, the major and minor pectoral muscles, the infraspinatus muscle, and the teres major muscle were included. By the higher gray value of the septum tissue compared to muscular tissue in the SE MR images, direct volume rendering with further increased transparency allows for full 4D-visualization of the lateral brachial intermuscular septum and, dorsally, of the tendon of the brachial biceps muscle. By a comparison of approach 2 ( Fig. 7a) and approach
Discussion
We presented a full processing chain from sequential MRI acquisition to 4D-visualization of the upper arm flexion of a healthy volunteer. A cascade of 4D-visualization approaches especially worked out for the human limb respectively the skeletal muscles proved the applicability of the concept. Various anatomical information are provided concerning the limb as a whole, the kinematics of the joint, deforming muscular shape and inner structure up to muscular fiber course, or epifascial tissue with vascular course changing with time. Validation of in vivo dynamics in humans is generally problematic. Kind of qualitative validation is provided by a comparison with anatomical illustrations and preparations as given in renowned textbooks and photographic atlases [10] [11] [12] . In our study, the considered 4D-MRI was composed by an ex post-aligned series of 3D-MRI data sets as real-time MRI acquisition of the upper limb is still beyond the technical possibilities. Actual intensive research is dedicated to reduce MRI acquisition times. In this sense, this article may be considered as a feasibility study with regard to later available real-time radiological data.
The realization of 4D-radiology and visualization-based thereon is still very demanding. For patients' convenience as well as cost efficiency, the MRI acquisition is kept as spare as possible. The high sagittal slice distance of the MRI data severely aggravated the research. The problem of coarse data is common for this kind of research. Within the "3DAnatomi-calHuman" project [5] , the research group at MIRALab, University of Geneva, Switzerland, succeeded in overcoming this problem by real-time multi-slice dynamic MRI in combination with fast and efficient segmentation techniques based on deformable models [3] . In addition, they applied further modalities as, e.g., motion capture systems or 3D-body scanning [13] . Notably, they report on deforming muscular surfaces, so in mathematical terms "locally 2D", whereas volumetric information about individual inner structure which is the focus of the present study is "locally 3D". Therefore, the techniques described inter alia in [3] actually do not refer to inner structure visualization based on direct volume rendering, but provide effective means which could be applied inter alia to separate the different muscles for the sake of further refined analysis. Static visualization based on 3D-MRI of skeletal muscles is still subject of research see inter alia [14] . There, capturing the shape of the muscles of the lower limb was considered rather than the inner structure.
In the long run, the results of the present study are dedicated to computer-assisted support of clinical diagnosis for detecting and monitoring muscular pathologies and lesions. This will range from mild mobility disorders to full or partial immobilization, e.g., due to spastics. Furthermore, this kind of research is expected to contribute to functional anatomy of the locomotor system, especially with regard to muscular dynamics. An immediate benefit will be for medical education. Finally, polygonal models of the muscles may serve as input for various kind of musculoskeletal research from biomedical engineering [6] . Sturmat et al. used these models for Finite Element analysis of the contraction of the biceps brachii muscle [15] .
Generally, the feedback of the clinicians is excellent, and the potential is rated very high. A multidisciplinary team is needed including inter alia radiologists, clinicians, and computer scientists. Though high activity, this kind of research is still in its early beginning. Nevertheless, dynamic radiology and 4D-visualization are expected to enable new anatomical and clinical research about in-vivo physiology and pathology of human organs.
